Aim To study large-scale patterns of benthic diatom assemblages in rivers, to assess the relative importance of environmental and geographical factors affecting their composition, and to evaluate the implications of these patterns for the use of diatoms as indicators of water quality, particularly nutrient enrichment.
INT RODUCTION
Diatoms are a large and diverse group of single-celled algae. They are distributed throughout the world in nearly all types of aquatic systems and are one of the most important food resources in marine and freshwater ecosystems. Because there are many thousands of taxa with diverse ecological requirements, their siliceous remains are used extensively as environmental indicators in studies of climate change, acidic precipitation and water quality (Stoermer & Smol, 1999) . Despite their ecological importance, practical usefulness, and previous study by taxonomists and ecologists, largescale patterns of diatom taxa distributions and their underlying causes are largely unexplored. In this paper we examine national-and regional-scale patterns of benthic diatom assemblages in rivers across the continental United States and assess the relative importance of environmental and geographical factors affecting their composition. We also discuss the implications of those patterns for the use of diatoms as indicators of water quality, in particular, nutrient enrichment.
A key issue in understanding diatom distributions is knowing the extent to which they are constrained by geographical factors that limit species dispersal vs. the extent to which they are limited only by the ability of the species to grow under a specific combination of environmental factors. Is a species not in a particular habitat only because it was not dispersed there or because, though it may have reached the habitat, the environmental conditions were unsuitable for it to survive and compete? Conversely, is a species in a specific location only because it can compete better under those particular environmental conditions, or might it also be there simply because it reached a site and its potential competitors did not? Dispersal is influenced by many factors, including physical barriers (deserts, mountains) , distance between suitable habitats (density of water bodies), transportability of cells, type and importance of transport mechanisms (e.g. wind, bird's feet), the size and distribution of original populations, and the amount and distribution of habitat suitable for colonization (Kristiansen, 1996) . Ability of populations to compete and persist in a new local habitat depends on how well adapted they are to grow under its environmental conditions. Some of the factors most often found to be important for distribution of benthic river diatoms are water chemistry (particularly pH, ionic strength and nutrient concentrations), substrate, current velocity, light and grazing (Patrick & Reimer, 1966; Round, 1981; Stevenson et al., 1996) . Most of these factors depend strongly on climate, geology, topography, land-use and other landscape characteristics, and therefore are similar within ecological regions defined by these characteristics (Stevenson, 1997) . Many diatom species are known to have world-wide distributions; others appear limited to certain climatic zones or geographical regions, or are endemic to particular water bodies. Kociolek & Spaulding (2000) argue that the proportion of geographically restricted diatom species is much higher than formerly thought, and because of that, the importance of geographical factors in explaining patterns in diatom flora has been underestimated.
Understanding the relation of geographical and environmental factors to diatom distributions is important to the process of developing diatom-based water quality indicators. The information value of indicators depends largely on how they are developed and calibrated, and in particular on how well the ecological characteristics of diatom taxa are quantified. In this regard, it is useful to know what factors limit distribution of species and how the distribution varies with spatial scale and ranges of environmental characteristics. We suppose that if the occurrence of a diatom is limited primarily by environmental characteristics, and not by geographical factors that limit or direct dispersion, then that diatom should be found in similar environmental conditions no matter where they occur. If, however, geographical and chance dispersal factors have the greatest influence on species distributions, then it is more likely that a species will evolve and adapt better to its local environment and that ecological characteristics of the taxon will vary more widely. A key aspect of quantifying ecological data on indicator taxa is determining the geographical extent of sites from which to collect data and whether and how to limit the range of environmental characteristics of those sites. Any study designed to address this issue requires a large set of taxonomically consistent diatom data coupled with environmental and geographical information.
Substantial information on benthic diatoms of United States rivers has been accumulated over the last half of the twentieth century. In 1950-70s, scientists at the Academy of Natural Sciences in Philadelphia (ANS), led by Dr Ruth Patrick, surveyed many rivers in the eastern U.S. These surveys focused on the use of diatoms as water quality indicators (Patrick & Roberts, 1979; Patrick, 1996) , but also led to the discovery of many new species (Patrick, 1945 (Patrick, , 1946 (Patrick, , 1958 (Patrick, , 1959 Wallace, 1960; Hohn & Hellerman, 1963; Patrick & Reimer, 1966 Reimer, 1966) . The works of Camburn et al. (1978) and Lowe & Kociolek (1984) brought new additions to the river diatom flora of this region, while studies of Pan, Stevenson and co-authors (Pan et al., 1996 (Pan et al., , 1999 (Pan et al., , 2000 concentrated on the application of diatoms as indicators of water quality. Lowe and Stevenson, with colleagues, carried out most of their pioneering studies of the functional aspects of lotic algal communities in mid-western states (Kline & Lowe, 1975; Stevenson & Pryfogle, 1975; Jackson & Lowe, 1978; Millie & Lowe, 1981; Stevenson, 1983 Stevenson, , 1990 Keithan & Lowe, 1985; Krejci & Lowe, 1987; Stevenson & Hashim, 1989; Stevenson & Peterson, 1989 . Bahls (1982 Bahls ( , 1983 studied both floristic and ecological (Bahls et al., 1984) aspects of diatoms in Montana rivers. These studies, together with other numerous works on river diatoms (e.g. Hansmann, 1973; Benson & Rushforth, 1975; Lawson & Rushforth, 1975; Clark & Rushforth, 1977; Czarnecki & Blinn, 1978; Kennedy & Pfiester, 1984; Rushforth & Merkley, 1988; Edlund, 1994) , constitute an immense amount of information on the composition of benthic diatom communities in rivers across United States. Still, an attempt to summarize these data to capture the broad-scale patterns of benthic diatoms would be a difficult mission, the main obstacle being differences in taxonomic concepts and sampling designs used by the investigators.
We analysed data from the United States Geological Survey's (USGS) National Water Quality Assessment (NAW-QA) Programme. The NAWQA programme collects physical, chemical and biological data to monitor water quality in rivers across the U.S., and to analyse factors affecting it (Gurtz, 1993 ; http://water.usgs.gov/nawqa/). Eutrophication is recognized as a major water quality problem and special attention is given to assessment of nutrients. Fish, benthic invertebrates and algal communities are studied to help evaluate water quality and ecological conditions. The NAWQA programme used uniform procedures to collect algal samples throughout the U.S. These samples were analysed in a consistent manner, and the resulting data provide a unique opportunity to study diatom species distributions at the continental scale. Our future goal is to use these data to develop metrics and indices for water quality assessment. Despite the apparently large body of accumulated knowledge on diatom ecology, it is clear that many indices developed for particular geographical areas and water systems do not work well in other areas (Eloranta & Kwandrans, 1996) . The reasons for this failure are typically that there is limited overlap in species composition between the two areas, or that at least some ecological characteristics of key taxa vary between the regions. Thus, it is important to explore major patterns in species composition before trying to develop new indices or apply already existing indices to the new geographical areas.
Using the NAWQA data, we sought to address several questions: (1) Are there regions of the country with benthic diatom floras distinct from other areas? Where are these floras and what species do they include? (2) To what extent can diatom assemblage composition be explained by environmental characteristics alone? By spatial variables alone?
Which ecological factors are most influential and how does their importance vary among regions? (3) What are the implications of observed patterns of diatom distributions for the development of diatom-based metrics or indices for water quality assessment?
Our main approach to address these questions was, first, to detect major patterns in species composition of diatom assemblages and second, to find which ecological factors explained most of that variation. We used variance partitioning to separate the effect of environment and geographical factors on diatom assemblages (Borcard et al., 1992) . Hierarchical spatial classification of aquatic ecoregions proposed by Omernik (1995) served as the spatial framework of our analysis.
M E T H OD S Data collection
We used data for 2735 quantitative benthic samples collected from 1993 to 1998 at 897 sampling sites ( Fig. 1) . At some of the sites algal samples were taken only once, while at other sites they were taken once a year during two or three consecutive years (Gurtz, 1993) . A full suite of environmental data was available for 247 sites only. These data included hydrology, water chemistry, physical watershed characteristics and land-use. The USGS personnel collected algal samples following standard procedures (Porter et al., 1993) . Quantitative samples were taken from two major types of habitat. 'Richest-targeted habitat' (RTH) samples were collected from rocks or wood in areas of relatively fast current (e.g. riffles or runs). 'Depositional-targeted habitat' (DTH) samples were collected from pools or other relatively slow-current locations. Depositional-targeted habitat samples were collected mainly from soft sediments, except in the Ozark Plateau, where they were collected from stones because there were no soft sediments at the sampling sites. Most often, both types of samples -RTH and DTH -were collected simultaneously at a sampling site. Sometimes, multiple samples of the same type were taken from a site in order to assess within-site variability. Algal samples were collected most often during low-flow conditions, usually in June-October.
Diatom slides and counts
Permanent diatom slides were prepared by oxidizing organic material in samples with nitric acid in a laboratory microwave oven and mounting cleaned diatoms in Naphrax. Diatom analysts at the Patrick Center of The Academy of Natural Sciences, Biology Department of University of Louisville, and independent contractors identified and counted diatoms. They counted 600 diatom valves on each slide, except for several samples where diatoms were too scarce. All slides used for diatom identification and enumeration were deposited in The Academy of Natural Sciences Diatom Herbarium.
Taxonomy
The diatom floras used for identification included Hustedt (1930a Hustedt ( , b, 1959 Hustedt ( , 1961 , Patrick & Reimer (1966 , Krammer & Lange-Bertalot (1986 , 1991a , Simonsen (1987), and Camburn et al. (1984-86) , but regional floristic papers by Hohn & Hellefrman (1963) , Lowe & Kociolek (1984) , Kociolek et al. (1995) , Camburn et al. (1978) , Lowe (1972) , and monographs by Lange-Bertalot & Moser (1994) , Kociolek & Stoermer (1988 , 1990 , Kociolek & Kingston (1999) , and Reichardt (1997) were also consulted. The eight analysts who identified and counted diatoms did not always follow the same taxonomic concepts. To mitigate possible problems this could cause in data analysis, we reviewed the taxonomy used by all analysts, and corrected most of the inconsistencies we found in the counts. The initial work on the taxonomic consistency in the NAWQA data set was carried out by J.C. Kingston.
Approximately 26% of the total number of diatom taxa found in 2735 samples could not be ascribed to any validly published diatom species. Some of these taxa clearly were yet undescribed species, while others were found in numbers insufficient to evaluate their taxonomic status. Analysts entered these 'unknown' taxa in the data base using temporary codes, as for example 'Cymbella sp. 1 ANS POTO'. These codes indicate location of the sample, initials of the analyst, or both, to facilitate future taxonomic work. In this paper we use names as they are stored in our data base. These undescribed taxa were documented by circling specimens on slides and making digital images. Our taxonomic concepts are documented in the ANS Algae Image Data base which can be accessed at http:\\diatom.acnatsci.org.
The main consequence of taxonomic differences among results produced by different analysts was that in a few instances, in order to combine counts into a single data set, we had to lump taxa. In two cases, we had to lump well established taxa into a single category. In the first case, we combined together taxa that would be identified as Achnanthes lanceolata ssp. rostrata (Østrup) Lange-Bertalot, A. lanceolata ssp. frequentissima Lange-Bertalot, and A. rostrata ssp. dubia (Grunow) Lange-Bertalot, if using Krammer & Lange-Bertalot (1991b) as a reference. Analysts using Patrick & Reimer (1966) as a main taxonomic reference had identified those taxa as A. lanceolata var. dubia Grunow, although in fact in most cases it was A. rostrata Østrup [ ¼ A. lanceolata ssp. rostrata (Østrup) Lange-Bertalot]. As these diatoms were extremely common, recounting was not possible and all three taxa were lumped under the name 'A. rostrata'. In the second case we had to lump together A. biasolettiana Grunow and A. deflexa Reimer because analysts had different and sometimes confusing concepts of these taxa. In other cases our lumping could be better described as an application of a broad species concept. For example, some analysts distinguished Navicula gregaria Donkin and N. secreta var. apiculata Patrick, while others used only one of those names for a group of taxa known as N. gregaria Donkin sensu lato. Another example is Gomphonema pumilum (Grunow) E. Reichardt et Lange-Bertalot. Several populations showed considerable variation in shape and could possibly represent separate species, but their taxonomic status is currently unclear and we preferred to lump them together. Lumping decreases resolution of the ecological analysis, because even closely related taxa can have different ecological preferences, and we tried to avoid doing it whenever possible.
Environmental data
United States Geological Survey's staff provided site and watershed information and water chemistry data. Geographical location information included latitude, longitude and ecoregion (accordingly to Omernik, 1995) . This ecoregion classification of landscapes is based on climate, geology, soil, topography and potential vegetation. This classification is appealing because it accounts for the main ecological factors thought to directly or indirectly influence diatom distributions. Ecoregions are hierarchically arranged so that Level 2 Ecoregions are aggregated into Level 1 Ecoregions. In the text of this paper, the ecoregion rank, in brackets, follows the ecoregion name. Location of sampling sites within Level 2 Ecoregions is shown in Fig. 1 . We used the following watershed characteristics: mean watershed elevation, mean watershed slope, mean annual air temperature (MAT), longterm water discharge (Q), watershed area, and percentage of major watershed land-use type (agricultural, urban, forest and range land). Substrate sampled was either rocks or submerged wood (branches of trees or woody debris) in the case of RTH samples, and rocks or soft sediment in the case of DTH samples. Water chemistry and temperature usually were measured at least once a month. Information on the analytical procedures used in the USGS NAWQA programme can be found at http://water.usgs.gov/nawqa/. We used the measurements of samples taken closest to the date when algae were collected. The following water chemistry parameters were used in our analyses: pH; conductivity; and concentrations of Ca ++ , Mg ++ , Na
, SO 4 ) , total phosphorus (TP), total nitrogen (TN), dissolved nitrates plus nitrites (NO 3 -N + NO 2 -N), and dissolved ammonia (NH 4 -N).
Data analysis
We used detrended correspondence analysis (DCA) to search for the main patterns in diatom assemblages, and to assess similarity among ecoregions in terms of assemblage composition. The DCA is an ordination technique that is useful for exploring assemblage patterns without making a priori assumptions about possible factors influencing assemblage structure. For DCA we used a data set consisting of all available 2735 samples representing 897 sites. It might be argued that by including more than one sample per site we biased the resulting ordination results toward more frequently sampled sites. However, we believe that considering the spatial and temporal variability of benthic communities in rivers, the larger number of samples better characterize species-environment relations for individual sites. Because we were interested only in species that live in benthic communities, we excluded all planktonic species from the analyses. Only the 433 taxa that reached at least 1% relative abundance in at least six samples were included in the 2735-sample data set.
We used canonical correspondence analysis (CCA) to relate assemblage structure to environmental variables and to explore how these relationships varied with geographical scale, and among ecoregions at the same scale. We began by constructing files of diatom count data for different geographical areas: (1) the entire country, (2) five Level 1 Ecoregions, and (3) five Level 2 Ecoregions. For constructing these data sets we used only 582 RTH samples from the 247 sites that had an accompanying complete set of environmental data, and excluded all replicate samples, so that only one sample represented each site/date combination. We also constructed a data set that included 247 RTH samples from the whole USA, but with only one sample per site. We included in our analyses all species that reached relative abundance of 1% in at least one sample from the corresponding data set.
We constructed separate blocks of environmental and spatial variables. The block of environmental variables included physical site characteristics, land-use (expressed as percentage of each of the four land-use types in a watershed), chemical variables, water temperature, and type of substrate that was sampled (rocks or wood). All physical variables were log-transformed, except those expressed as percentages. The four land-use variables and slope were square-root transformed. All chemical variables except pH were also logtransformed. The watershed area was excluded from the analyses because it was highly correlated with long-term discharge.
To create the block of spatial variables, we centred decimal latitude (X) and longitude (Y) for each sampling site on their means, and then calculated second-and third-degree monomials combining X and Y (Legendre & Legendre, 1998) . A complete spatial set consisted of nine variables: X,
We ran preliminary CCAs separately with environmental and spatial sets to identify collinear variables (those with inflation factor higher than 20) and excluded them from final analyses (ter Braak, 1996) .
To partition the variance of the species data explained by environmental and spatial factors, we used partial CCA as described by Borcard et al. (1992) . This technique is applied to multivariate data when it is necessary to separate the effects of several sets of variables.
Species abundance data were log-transformed in all analyses. All ordinations were done using CANOCO version 4.1 (ter Braak & Š milauer, 1998). CALIBRATE version 0.61 (Juggins & ter Braak, 1992 ) was used to calculate abundance weighted means when exploring latitudinal patterns of species distributions. Species distribution maps were created using the ArcView GIS program, version 3.2 (Environmental System Research Institute, Inc., CA, USA).
RESULTS

Environmental characteristics of study sites within ecoregions
The sites for which diatom and environmental data were available are located in ten Level 1 Ecoregions. Table 1 shows the numbers of sites and corresponding diatom samples for each ecoregion, as well as site elevation and slope, watershed land-use and selected water chemistry characteristics. Because Ecoregion 'Eastern Temperate Forest' (8), had a much larger number of sites/samples collected than the others, data are presented for five of its Level 2 Ecoregions.
There were obvious differences in site characteristics among ecoregions. These seem clear although the highly uneven distribution in number of sites and samples among ecoregions precludes rigorous statistical comparisons. The ecoregions with highest watershed slopes were 'Northwestern Forested Mountains' (6), 'Mediterranean California' (11), and 'North American Deserts'(10); those with the lowest were 'Tropical Wet Forest' (15), and 'Mississippi Alluvial and South-eastern Coastal Plain' (8.5). The highest proportions of agricultural land-use were in Ecoregions 'Eastern Temperate Forests' (8), 'Great Plains' (9), and ¢Tropical Wet Forest¢ (15); the highest proportion of urban land-use is in Ecoregion 'Marine West Coast' (7). The median values for nutrients were highest in ecoregions with the largest percentage of agricultural and urban land-use. Lowest median pH values were recorded in south-eastern regions, while the highest were in the arid regions of the West.
Species composition of diatom assemblages
A total of 1548 diatom taxa was recorded in 2735 diatom samples. Of those taxa, eighty-seven are known as clearly preferring planktonic habitat and were excluded from further analyses. Of the1461 non-planktonic diatom taxa, 1016 (70%) have been recorded from continents other than North America (Hustedt, 1930a (Hustedt, , b, 1938 (Hustedt, -39, 1959 (Hustedt, , 1961 Hohn & Hellerman, 1963; Patrick & Reimer, 1966 Krammer & Lange-Bertalot, 1986 , 1991a . There were fortynine taxa known only from North America, fifteen known only from the New World, and 381 that could not be identified to the species level and possibly are undescribed taxa with limited distribution. Only the 433 benthic diatom taxa that reached relative abundance of at least 1% in at least six samples were included in the data set of 2735 samples. Of these taxa, 390 (90%) are known from several continents. There were seven taxa found only in North and South America, and seventeen found only in North America. The nineteen undescribed taxa are possibly limited to North America. Table 2 lists the thirty nonplanktonic taxa with the highest number of occurrences in 2735 samples. All these taxa are cosmopolitan and very common in continental waters.
Similarity of assemblage composition among ecoregions
Results of the DCA of the 2735 sample data set showed great heterogeneity in diatom assemblage composition (Fig. 2) . The length of the gradient of the first ordination axis was 7.3 SD units. The second axis was 7.6 SD units long. These values indicate high species turnover and are typical for sets of samples from diverse habitats. The small differences between the first four eigenvalues (0.6, 0.6, 0.57, 0.4) suggests that no single gradient in species composition was much stronger than all others. The DCA diagram shows centroids of ecoregions (Fig. 2a) and species (Fig. 2b) Relative importance of geographical vs. environmental factors in explaining diatom assemblage structure
We compared the relative influence of spatial and environmental factors on the structure of diatom communities by means of partial CCA (Table 3 ). The total variation explained by the model (TVE) was very low in the two large data sets comprised of all ecoregions. It was less than 12% in the 582 sample data set, and increased to 19% in the 247 sample data set that included only one sample per site. The TVE greatly increased for data sets of smaller geographical extent (up to 84% in the data set representing the 'Northern Forests' ecoregion). Because the numbers of samples and taxa in those data sets were lower, the increase in the TVE was most probably the result of two factors that often contribute to higher TVE: narrowing of geographical area and decreased noise (Økland, 1999) .
The fraction of the TVE attributed to spatial variables increased with geographical area. In Level 2 Ecoregions it was 15-22% of TVE, compared with 23-31% of TVE in Level 1 Ecoregions and the all-ecoregions data sets. The environmental variables explained a considerably higher proportion of variance in species data than spatial variables, especially in Level 2 Ecoregions.
Major environmental gradients influencing species distributions
The relative importance of environmental parameters in explaining species composition of diatom assemblages varied among geographical areas. Ordination diagrams in Fig. 3 show results of the CCAs with environmental variables as constraints. Graphs on the left side represent the results of simple CCAs; those on the right show the results of partial CCAs with spatial covariables. If an environmental variable appears to be important in the simple CCA, but not in the partial CCA, it is spatially structured. This variable may still have an effect on the diatom assemblage structure, but this effect is hard to distinguish from the influence of geographical factors. We compared results of the analyses of four data sets: one data set of 582 RTH samples from all ecoregions and the three regional data sets that had the highest number of samples: Ecoregions 6, 8, and 9.
In partial CCAs of the 582 RTH sample data set, twenty environmental variables were used as constraints, and all nine spatial variables as covariables. The fraction of the variation in the species data explained by environmental parameters was 8.5%, and only 7.3% when spatial variation was taken into account. The first ordination axis in both analyses was related to a complex gradient that has oligotrophic fast-flowing rivers at one end and eutrophic lowland rivers at the other. Substrate type was strongly related to this axis in simple CCA (Fig. 3a) . This is because samples in lowland rivers were often taken from wood substrates because rocks were difficult to find. The second axis in both cases expressed a gradient in pH and mineral content. The effect of air and water temperature seems to be strong in simple CCA (Fig. 3a) , but not in partial CCA (Fig. 3b) . This is logical because temperature variation is strongly spatially structured. The arrow representing the variable 'mean annual air temperature' (MAT) is much longer in the diagram showing results of the simple CCA (Fig. 3a) than in that of the partial CCA (Fig. 3b) . This is because MAT is strongly spatially structured, and its influence is difficult to distinguish from 'pure' latitudinal variation.
The major gradients in the 'East Temperate Forests' (8) data set are similar to those in the all-ecoregions data set. This is probably because most samples in the all-ecoregion data set are from this large ecoregion. In the simple CCA, the first axis corresponds to a gradient of smaller, mountainous rivers to larger, lowland rivers (Fig. 3c) . When spatial variation is partialled out, the nutrient gradient also corresponds to the first axis (Fig. 3d) . The second ordination axis, as in the case of the all-ecoregions data set, represents a clear alkalinity/pH gradient. In Fig. 3c , arrows MAT and pH are both long and point in almost opposite directions. This is because most rivers in the south-eastern coastal plain have a low pH. However, when spatial variables are factored out (Fig. 3d) , the effect of MAT becomes negligible, but that of pH is expressed strongly. Unlike air temperature, pH acts at the finer spatial scale and is often controlled by local features.
Ordination axes for the 'Great Plains' (9) ecoregion are more difficult to interpret, probably because of the uneven ] are also showing a 'northern' trend, most probably not reflecting any regular pattern, but because some of the northern sites happened to have high concentrations of these nutrients. The second axis corresponds to a mountains-to-plains gradient. When spatial variables are factored out (Fig. 3f) , air temperature also loses its importance. The strongest variation in diatom composition is now connected to a complex gradient of mountains/low mineral content/low nutrients-plains/higher mineral content/high nutrients.
The first CCA axis is closely associated with mean annual air temperature in the Ecoregion 'North-western Forested Mountains' (6) ordination. This reflects differences in diatom communities between southern and northern parts of this ecoregion (Fig. 3g) . The second axis corresponds to the gradient of large/more alkaline/eutrophic and small/less buffered/oligotrophic rivers. Taking away spatially structured variability does not completely remove the effect of temperature (Fig. 3h) , because in mountainous areas temperature also strongly depends on the elevation.
Geographic patterns of species distributions
The variance partitioning results (Table 3) show that environmental parameters consistently explain more variation than spatial factors. Still, at the national scale, the fraction of the spatially structured variation reaches almost 30% of TVE, and thus shows that the distribution of at least some species must be limited by geographical/dispersal factors. To reveal the main geographical patterns in species composition we ran CCA with nine spatial parameters as constraining variables on the 2735 sample data set. Figure 4 is a map that shows first CCA axis (A) and second axis (B) site scores. Fig. 5a ,b. Species with the lowest scores on the first CCA axis included C. cymbiformis var. nonpunctata Fontell, C. laevis Naegeli ex. Kü tzing, N. sinuata var. delognei (Grunow) LangeBertalot, N. solita Hustedt, A. daui Foged, undescribed species of Nitzschia (Nitzschia 'cf. tubicola Grunow') and Navicula (Navicula 'sp. 7 ANS WCR', N.¢sp.8 ANS WCR¢), Hannaea arcus (Ehrenberg) Patrick, S. mazamaensis Sovereign, and Gomphoneis eriense (Grunow) Skvortzow. Occurrence and relative abundance of the last two species is shown in Fig. 5c not factor out variation explained by environmental parameters, the pattern revealed by this analysis is partly influenced by the environment. To find species whose distribution is better explained by spatial than environmental variables we used the 'all-ecoregions' data set of 582 RTH samples to run partial CCA. The nine spatial parameters were used as constraining variables. The covariables were the nineteen land-use, chemical and physical parameters; mean annual air temperature was not included because of its high correlation with latitude. The species placed by CCA at the extremes of the first four ordination axes were considered as having distribution more closely following some spatial pattern than being determined strictly by environmental factors. Cocconeis fluviatilis (Fig. 5a ), N. aikenensis (Fig. 5e) , and N. wallacei Reimer (Fig. 5f ), were common mostly in the south-east. Synedra mazamaensis (Fig. 5c ) occurred mostly in the western part of USA. Navicula paucivisitata Patrick and G. rhombicum Fricke exhibited a more complex distribution pattern, characterized by rarity of occurrence in the central plains. Many other species are revealed by this analysis as having spatial distributions restricted to small geographical areas. These include N. amphibia var. frauenfeldii and Fragilaria synegrotesca that occurred mostly in South Florida and adjacent areas, undescribed species of Epithemia from the Ozark Plateau, Achnanthidium, Navicula, Encyonopsis and Gomphonema from Texas, Navicula from Nebraska and Colorado, and several species of Gomphonema from different localities in the western interior. None of the analyses revealed a clear east-west floristic gradient. Some species, however, were more or less widely distributed only in the western part of US, as for example Gomphoneis eriense (Fig. 5d) , or in the eastern part of the country, as G. apuncto Wallace (Fig. 5g) .
Using the geographical coordinates for all 2735 quantitative samples, we identified the taxa most common at sampling sites in the northern and southern parts of the USA. We calculated weighted means of the taxa along the latitudinal gradient and then ranked taxa accordingly to these 'latitude optima.' The taxa that were more common in the North and that occurred in at least ten samples were: G. minutiforme Lange-Bertalot and Reichardt, S. parasitica W. Smith (Fig. 6h) , S. parasitica var. subconstricta (Grunow) Hustedt, S. famelica Kü tzing, Gomphoneis eriense (Fig. 6d) , Encyonema prostratum (Berkeley) Kü tzing, Diatoma mesodon (Ehrenberg) Kü tzing, N. tantula Hustedt, G. rhombicum, and two not yet described species of Cymbella. The examples of taxa with 'southern' affinity and occurence in at least ten samples are: S. delicatissima W. Smith, N. amphibia var. frauenfeldii Grunow, N. obtusa W. Smith, N. liebetruthii Rabenhorst, N. aerophila Hustedt, A. exigua var. elliptica Hustedt, A. exigua var. heterovalva Krasske, A. amoena Hustedt, Terpsinoe musica Ehrenberg, G. gracile Ehrenberg, and Amphora angusta Gregory.
Species indicating nutrient enrichment
The relationships between diatom species and nutrients are influenced by complex ecological gradients. Figure 6 compares species-environment biplots resulting from two CCAs of the 'all-ecoregions' data set of 582 samples. In the first CCA we used TN and TP as the only constraining variables (Fig. 6a) . In the second CCA we also used TN and TP as constraints, but in addition we entered pH, slope and all nine spatial parameters as covariables (Fig. 6b) . We chose these covariables because the results of previous CCAs showed their importance as factors underlying the structure of diatom communities. The TN and TP arrows point in the same direction along the first axis in both analyses. This indicates that the first ordination axis corresponds to a general nutrient enrichment gradient. In the partial CCA, there is greater dispersion of species centroids (Fig. 6b) . This shows that in partial CCA, separate effects of TP and TN were more distinguishable; diatoms responded to varying concentrations and ratios of N and P and not just to a generalized nutrient gradient.
The species whose centroids are found at the extremes of the first ordination axes of each CCA are potential indicators of high or low concentrations of nutrients. We show approximate positions of selected species that were found in at least six samples and were placed by ordination at the extremes of the first CCA axis. There is considerable, but not complete, overlap between the results of the two analyses (Figs 6a,b) . Comparison of lists of seventeen species placed at the left end of the first axis of both CCAs shows that only thirteen of them are common to both lists. Only ten species are common to two lists of species placed at the right end of the first CCA axis. These differences between the results of the two CCAs show that some species could be mistaken for indicators of high or low nutrients, while in fact, their distribution is controlled primarily by other factors that correlate with nutrient concentrations.
DI SCUSSION 'Downstream' gradient
Both DCA and CCA show that the gradient of fast-flowing rivers of mountainous areas to lowland rivers is the most important in structuring diatom assemblages at the national scale. This is a complex gradient, because variables such as slope, elevation, concentration of nutrients, land-use and temperature are correlated. This complex gradient largely corresponds to the 'downstream' coenocline widely known because of the popularity of the 'River Continuum Concept' (Vannote et al., 1980) . The striking difference between diatom assemblages of headwaters and downstream reaches of rivers was recognized well before multivariate analysis was used to identify major environmental gradients in stream communities. Margalef (1960) characterized algal communities of headwaters as 'young', compared with the 'mature' communities' of the downstream reaches. This point of view reflects the general trend of discharge to be more stable as rivers get larger and slope decreases. Communities of headwaters are generally 'younger' because the frequency and magnitude of disturbance are higher. Nutrient enrichment is another general 'downstream' trend. The downstream enrichment with dissolved salts, and nutrients in particular, was especially clear in our analyses of the data sets representing large geographical areas. The first axis of DCA (Fig. 2 ) separated mountainous areas from plains, and, respectively, epilithic oligotraphentic diatoms from predominantly epipelic alkaliphilous and eutraphentic species. Canonical correspondence analysis (Fig. 3a,b) shows directly that this 'mountains-to-plains' gradient and associated gradients of substrate, land-use and eutrophication are of great importance for diatom assemblages at the national scale.
Effect of ionic strength and pH
The overriding effect of water chemistry, especially salinity and pH, on species composition of diatom assemblages has been recognized since the beginning of ecological studies of this algal group. These relationships were first documented in the 'Halobion system' (Kolbe, 1927 (Kolbe, , 1932 and the pHclassification system of Hustedt (1938-39) . Many studies that employed multivariate analyses to analyse river algal communities showed that they varied conspicuously along gradients of ionic concentration and pH (Johansson, 1982; Leclerq & Depiereux, 1987; Pan et al., 1996) .
At the broad national scale, some regions of the US have rivers with much higher mineral content than other regions. Climate, particularly precipitation, is a major cause of these differences. Our analyses of the diatom data show an obvious 'eastern coast-western interior' gradient related to climate. The humid areas of the eastern coast of the United States, especially the south-eastern coastal plains, support a diatom flora rich in acidophilic taxa. The arid areas of the western part of the country have abundant alkaliphilic diatoms (Fig. 2) . At smaller spatial scales, the factors governing water mineral content other than climate become more evident. These include bedrock type, land-use and watershed size. As pH is partly regulated by the water buffering capacity or amount of alkaline metals, it also depends on all the above-mentioned factors, but also on the extent of wetlands which are related to local topographical features. The relative importance of a parameter in explaining variation among diatom assemblages also strongly depends on its range of variation in the data set. The pH range in the 'Great Plains' (9) data set was 7.1-8.8, compared with 5.6-9.0 in the 'Eastern Temperate Forests' (8) data set. Accordingly, the influence of pH was more pronounced in the latter data set (compare length of the pH arrow at Fig 3d,f) . pH is consistently found to be one of the most influential parameters in areas with relatively low water buffering capacity (Carpenter & Waite, 2000) , but not in areas where all sites are high in water mineral content, which is the case of the upper Illinois (Leland & Porter, 2000) . In data sets with a relatively large range of pH, as for example in the Appalachian Mountains (Pan et al., 1996) , it is hard to build effective phosphorus-inference models because diatom communities respond primarily to pH variation. On the other hand, polluted rivers are often rich not only in nutrients, but in other ions too. This was the case for data sets analysed by Leland (1995) and Leland & Porter (2000) . The response of diatom communities to nutrient enrichment seemed to be evident, but in fact the CCA shows that the effect of nutrients and conductivity on species composition was practically indistinguishable. In these circumstances care should be taken not to mistake the effect of salinity for the effect of nutrient enrichment.
Effect of temperature
At the national scale, diatom assemblages clearly responded to variation in temperature. Notably, MAT explained more variation in diatom assemblages than water temperature (Fig. 3) . This finding was surprising, because diatom species are known to respond to seasonal changes in water temperature (Moore, 1977a, b) , and we would expect a better response to the water temperature measured at the time of algal sampling than to such a crude estimation as average annual air temperature. We suppose that one-time measurements of water temperature provided a poor assessment of temperature regime in rivers because of large diurnal and day-to-day oscillations, and this is perhaps one of the reasons why the relationship between air temperature and diatom assemblages appeared to be stronger in CCAs. We could expect a stronger effect of the water temperature if it was estimated in a more accurate way, for example, if it was monitored constantly during a period preceding algal sampling. DeNicola (1996) reviewed autoecological and field studies of temperature effects on freshwater periphyton. He concluded that the 'relative importance of temperature on geographical distribution is unknown', despite the relatively abundant information that exists on the temperature requirements of many diatom species and patterns of temporal and spatial distribution of species within individual rivers or watersheds. Although Pienitz et al. (1995 ), Weckströ m et al. (1997 ), and Rosén et al. (2000 successfully used diatom assemblages to infer water temperature in lakes, temperature is rarely found as an important environmental variable in regional data sets. This is because it is rare for temperature to vary in a region more than any other factor, or it correlates with other environmental factors and their effects are difficult to separate (Anderson, 2000) . At the broad geographical scale, a pronounced effect of temperature can be expected because of climatic variation. The contiguous US lies almost entirely in the temperate climatic zone, with the exception of tropical southern Florida, but the range of MAT in this study was as wide as 1.5-23.4°C (factor of 15.6). A good response of diatom assemblages to the variation of MAT gives us the hope that large-scale studies such as the NAWQA programme will provide important information on temperature requirements of diatom species.
Spatial patterns
Large-scale spatial patterns of species dispersal, independent of local environmental characteristics, are rarely taken into account in ecological studies of diatom communities. Presumably, this influence is considered negligible when the geographical area studied is small. However, spatial dispersal patterns cannot be neglected when national-scale data are analysed. Our analyses show that almost one-third of the explainable variation in diatom species composition at the national scale can be attributed to spatial factors. Even if some part of this 'spatial variation' is the result of unmeasured environmental parameters, such a high number indicates that distributions of at least some taxa were better explained by spatial rather than environmental parameters. In terms of diatom species composition, the south-eastern coastal plains, including Florida, stand out from the rest of the US. However, none of the diatom taxa that played an important role in the river benthic communities were found to be limited to this area. All taxa that showed affinity to south-eastern regions were also encountered elsewhere. Cocconeis fluviatilis occurred mostly in the rivers of southeastern coastal plains, but occasionally was found in other areas (Fig. 6a) . It was also recorded in the Great Lakes (Stoermer & Kreis, 1978) , Utah (Rushforth & Squires, 1985; Rushforth & Merkley, 1989) , Oklahoma (Kennedy & Pfiester, 1984) , and Ohio (Kline & Lowe, 1975) . A similar pattern of distribution is found for N. aikenensis, N. wallacei, and A. lanceolata var. apiculata. The tendency of these taxa to occur predominantly in the South-east cannot be explained by measured environmental parameters, in contrast to the distribution of several species of Eunotia and Neidium which are acidophilic taxa and were also most common in south-eastern rivers that often have low pH.
Some species, such as G. eriense (Fig. 6d) , and some undescribed Navicula and Nitzschia, were found in this study only in western regions of the US. Synedra mazamaensis was recorded mostly in the west, but occasionally also in Texas. Kociolek & Stoermer (1988) showed that G. eriense was once more widely distributed than at present, and documented its disappearance from the Great Lakes as a result of eutrophication. This is an example of restricted distribution resulting from habitat loss.
A south-to-north gradient in species composition could be explained by two mechanisms: temperature requirements of diatom species and dispersal rates that limit the pool of species available for colonization. Gomphonema gracile showed a 'southern' affinity in our data set, but has been reported as being cosmopolitan, and was described by Ehrenberg from Germany. Krammer & Lange-Bertalot (1986) note that this species is abundant in the tropics and Northern Europe. In a data set of lakes from the Canadian Arctic (Pienitz et al., 1995) , G. gracile had one of the lowest temperature optima. The real cause of this surprising distribution remains to be studied. Occurrence of A. amoena predominantly in the south corresponds well to the known abundance of this species in the tropics (Hustedt, 1952; Krammer & Lange-Bertalot, 1991b; Chang, 1992) . Achnanthes exigua var. heterovalva and A. exigua var. ellipica have been characterized as cosmopolitan taxa (Hustedt, 1938 (Hustedt, -39, 1959 ), but showed 'southern' trend in this study.
Some of the taxa that showed 'northern' affinity in NAWQA data set, such as Diatoma mesodon, are well known to prefer cold waters. Synedra famelica is possibly a 'nordic-alpine' species according to Hustedt (1959) . Other taxa that showed affinity toward the northern areas, such as S. parasitica, S. parasitica var. subconstricta, G. minutiforme, G. rhombicum, G. eriense, Encyonema prostratum, and N. tantula, may also have relatively low temperature optima or their distribution can be explained by other factors that correlate with latitude.
As we expected, the spatial variables explained a higher proportion of community variation in data sets representing large geographical areas than smaller areas (Table 3 ). The amount of the total variation explained by models (TVE) was very low in data sets with many samples from large geographical areas. Low TVE is often a feature of large data sets, and does not necessarily mean that important environmental factors have been overlooked. Even though the TVE is low, the proportion that is explained by different sets of environmental parameters is informative (Økland, 1999) .
Our analysis shows that at any spatial scale, there were species with patchy distributions, not easily explained by environmental factors. Some proportion of this 'spatial' variation can be related to unmeasured environmental parameters that were spatially structured. Another part of it is due to spatial autocorrelation, or the tendency of geographically close sites to have similar flora (Jongman et al., 1995) . Mann & Droop (1996) note that 'detection of biogeographical patterns and assessment of rarity are inextricably linked with taxonomy'. That is, different patterns of distribution can be detected depending on the taxonomy used in a study. If a wider species concept is applied, species with restricted distribution tend to be overlooked. A finer-scale taxonomy leads to recognition of more species with narrow geographical and ecological distributions. For the above reason Kociolek & Spaulding (2000) argue against the view that most diatoms are cosmopolitan. Indeed, lumping of species with similar morphologies into one category might give the wrong impression about species distributions. However, even the most sophisticated methods of morphological analysis only raise hypotheses; they cannot provide proof that entities with slightly different morphology are isolated reproductively and are separate species, not morphotypes of the same species. In this study we sometimes had to apply a rather broad species concept because of limitations of having several people involved in the counting. Nevertheless, approximately one quarter of the taxa found in 2735 NAWQA samples are known to, or might possibly have, distributions limited to the Americas. However, the proportion of these taxa decreases to 4% when only the relatively abundant and frequent river diatoms are considered. The list of the most frequently occurring species (Table 2) consists of only taxa with cosmopolitan distributions. This might be because the common species are those that are adapted to the most common habitat, which, in the case of the United States and Europe, is a nutrient-enriched moderately alkaline river of the temperate climatic zone. Abundance of this habitat in one continent means higher chances of dispersal for its inhabitants to other parts of the world. Vice versa, rarity of certain habitats, for example oligotrophic sites, lowers dispersal chances for the organisms living in and adapted to those conditions. Another possibility is that cosmopolitan morphospecies consist of more than one biological species. In the absence of strong scientific evidence on the reproductive barriers between morphologically close groups of diatoms, practicing ecologists must rely on morphological evidence alone and are limited to working with entities that may not be separate biological species, but rather aggregations of related species. Future taxonomic work based on the combination of molecular and morphological approaches (Manhart & McCourt, 1992) will further elucidate the relative importance of environmental and dispersal/colonization constraints in structuring diatom assemblages.
Implications of broad-scale distribution patterns on the use of diatoms as indicators of eutrophication
Large and taxonomically consistent data sets such as the one analysed in this study can potentially provide a basis for development of diatom-based metrics for water-quality assessment, and in particular assessment of eutrophication. Modern use of diatoms as indicators of environmental conditions is based on the development of transfer functions using a variety of numerical procedures. One of the requirements for the successful development and application of those models is that 'environmental variables, other than the one of the interest, have negligible influence, or their joint distribution with the variable of interest in the fossil set is the same as in the training set' (Birks et al., 1990) . This requirement cannot always be satisfied, and techniques such as WA-PLS were introduced to circumvent the presence of strong secondary gradients in the training data set (Birks, 1998) . Our analyses show that presence of gradients collinear with, or orthogonal to, the nutrient gradient can influence placement of species along the trophic scale. Strong orthogonal gradients, for example the pH-gradient in the data sets with large pH range, obscure the effect of nutrients. In the case of collinear gradients, the effect of each of them is difficult to distinguish. Development of reliable diatom metrics will require careful investigation of data sets in terms of the major environmental gradients underlying species composition, and additional sampling aimed to increase community variation along the gradient of interest.
Differences in species composition among geographical areas, caused not only by environmental variation, but also by historical processes of species dispersal and colonization, add difficulties in applying uniform methods for water quality assessment. Diatoms that are identified as the same species using the broad species concept currently employed in most popular floras, could, in fact, be separate biological species, having different physiological requirements. The chances are higher that these 'cryptic' species inhabit different geographical areas rather than the same area because the higher frequency of allopatric compared with sympatric speciation. Taking into account these considerations, we recommend that diatom-based metrics should first be developed for limited geographical areas with the most uniform environmental characteristics possible.
CONC LUSI ONS
Although the references used in this study for taxonomic identifications are based on a generally wide species concept, 26% of all recorded taxa were not described in the literature. Most of these taxa were rare, but the great proportion of undescribed taxa suggest the substantial need for future taxonomic work.
Multivariate analyses of NAWQA data sets revealed that the following ecological gradients explained most of the variation in benthic diatom assemblages at the national scale: (1) the gradient of fast-flowing and mostly oligotrophic rivers of mountain areas to lowland, mostly eutrophic rivers, (2) water mineral content and pH and (3) temperature, which also correlates strongly with latitude and altitude. In the data set that included sites from the whole country, measured environmental parameters explained roughly twice as much variation in species data as compared with spatial variables. The relative contribution of spatial vs. environmental factors decreased with geographical extent of the data sets. Effects of individual factors that constitute complex ecological gradients can be difficult to discern. Presence of environmental factors correlated with nutrient concentrations should be taken into account when species-nutrient relationships are studied, because these internal correlations of environmental factors in a data set can lead to incorrect conclusions about species nutrient requirements. The considerable proportion of variation in diatom assemblages explained by spatial parameters alone suggests that some historical processes of species dispersal play an important role in shaping diatom assemblages. Considering the complexity of factors affecting species composition of benthic diatoms, it is advisable to develop diatom-based metrics for nutrient estimation for limited geographical areas, preferably ecologically uniform in terms of factors other than nutrients.
